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LQGXVWU\ DV VXFK V\VWHPV FRYHU FRQWLQXRXV ZDYH FZ DV ZHOO DV SXOVHG ODVHU RSHUDWLRQ LQ QDQRVHFRQG QV
SLFRVHFRQGSVDQGIHPWRVHFRQGIVSXOVHUHJLPHV ,QPHGLFLQHFRQWLQXRXVDQGSXOVHGHPLWWLQJ7KXOLXPGRSHG
ILEHU ODVHUV 7')/ DUH DPRQJ RWKHUV XVHG IRU XURORJ\ SQHXPRORJ\ DQG RWRUKLQRODU\QJRORJ\ >@ ,Q SKRWRQLFV
UHVHDUFK SV DQG IVSXOVHG 7KXOLXP DQG +ROPLXPGRSHG ODVHUV DUH SRZHUIXO WRROV XVHG DV SXPS VRXUFHV IRU
QRQOLQHDU IUHTXHQF\ FRQYHUVLRQ LQ WKH  ± P UDQJH >@RUKLJKKDUPRQLFJHQHUDWLRQ >@7\SLFDO LQGXVWULDO
DSSOLFDWLRQVRISVDQGIVODVHUVRSHUDWLQJDURXQGDZDYHOHQJWKRIPDUHPDWHULDOSURFHVVLQJDQGPLFURPDFKLQLQJ
RISODVWLFVSRO\PHUVDQGVHPLFRQGXFWRUV>@
7KLVKLJKSRWHQWLDO VWLPXODWHVPDVVLYH UHVHDUFKRQ VXFK ODVHU VRXUFHV7KHPDLQHIIRUWV LQ WKHGHYHORSPHQWRI
7')/ DUH DWWULEXWHG WR WKH GLUHFWLRQ RI ILEHU LQWHJUDWLRQ LQFUHDVHG RXWSXW SRZHU DQG EULJKWQHVV $ GRXEOHFODG
FRQWLQXRXVZDYH FZ HPLWWLQJ7')/ZDV GHPRQVWUDWHG ILUVW LQ   >@ 7KH DELOLW\ WR GRSH7KXOLXP LQ KLJK
FRQFHQWUDWLRQVZDVUHDOL]HGE\WKHLQFOXVLRQRI$OXPLQXPGRSDQGVWRUHGXFHFOXVWHULQJDQGHQKDQFHWKHGHVLUDEOH
FURVVUHOD[DWLRQSURFHVVLQWKXOLXPILEHUODVHUV:LWKDQHZXQGHUVWDQGLQJRQGRSLQJIXVHGVLOLFDZLWK7KXOLXPLRQV
DQGWKHLQFUHDVHLQDYDLODEOHGLRGHSRZHUVWDUWLQJLQWKHRXWSXWSRZHUDQGHIILFLHQF\RIGRXEOHFODG7')/
KDYHERWKVWHDGLO\ULVHQ$QRXWSXWSRZHURI:ZDVDFKLHYHGIURP7PGRSHGVLOLFDILEHUODVHURSHUDWLQJDW
QPGLRGHSXPSLQJDWQPZLWKHIILFLHQF\>@7KHKLJKSRZHU7KXOLXPODVHUZDVUHSRUWHGE\6-LDQJHW
DODQGWKH\UHDFKHG:E\XVLQJKLJKO\GRSHGJHUPLQDWHJODVVILEUHZLWKUHODWLYHO\KLJKHIILFLHQF\>@
6LJQLILFDQWSRZHU OHYHORI:ZDV UHDFKHGE\**RRGQRHWDOZLWKD7')/>@%HVLGHVVFDOLQJ WKHRXWSXW
SRZHU RI LQGLYLGXDO ODVHUV VSHFWUDO DQG VSDWLDO SRZHU FRPELQDWLRQ LV D SURPLVLQJ SHUVSHFWLYH WR RYHUFRPH
IXQGDPHQWDOQRQOLQHDUDQGWKHUPDOOLPLWDWLRQVRILQGLYLGXDOODVHUV\VWHPVWRHQDEOHRXWSXWSRZHUVFDOLQJ7KHJRDO
RIEHDPFRPELQLQJLVQRWRQO\WRLQFUHDVHWKHSRZHUEXWWRSUHVHUYHWKHEHDPTXDOLW\IRUDSSOLFDWLRQVLQZKLFKKLJK
LQWHQVLW\LVUHTXLUHGRQDWDUJHW
,QDGGLWLRQWRFZODVHUVSXOVHGODVHUVRXUFHVDWPKDYHDKLJKDSSOLFDWLRQSRWHQWLDODVPHQWLRQHGDERYHDQG
FRUUHVSRQGLQJKLJKSRZHUQDQRVHFRQGDQGSLFRVHFRQGSXOVHVFDQEHHIILFLHQWO\JHQHUDWHGLQ7PRU+RGRSHGILEHU
DPSOLILHUV VHHGHG E\ D JDLQVZLWFKHG ODVHUGLRGH RSHUDWLQJ DURXQG P :LWKLQ WKLV PDVWHU RVFLOODWRU SRZHU
DPSOLILHUVFKHPH023$WKHORZSRZHUODVHUGLRGHLVGHWHUPLQLQJUHSHWLWLRQUDWHDQGSXOVHGXUDWLRQRIWKHODVHU
V\VWHP DQG WKH VXEVHTXHQW ILEHU DPSOLILHU VWDJHV JHQHUDWH SXOVH HQHUJLHV DW - OHYHO >@ 7KHVH V\VWHPV FDQ EH
DVVHPEOHGLQDOOILEHUFRQILJXUDWLRQVZKLFKDUHYHUVDWLOHDOLJQPHQWIUHHDQGFRVWHIIHFWLYHOLJKWVRXUFHV
8QWLO QRZ RQO\ IHZ KLJK HQHUJ\ XOWUDVKRUW SXOVH ODVHU V\VWHPV KDYH EHHQ UHSRUWHG LQ WKH ȝP ZDYHOHQJWK
UHJLRQ$OWKRXJKXSWRȝ-SXOVHHQHUJ\ZLWKDSXOVHGXUDWLRQRIIVZDVGHPRQVWUDWHGE\DWKXOLXPGRSHG
ODUJHSLWFKILEHUFKLUSHGSXOVHDPSOLFDWLRQ&3$V\VWHP>@DIXUWKHULQFUHDVHRISXOVHHQHUJ\LVOLPLWHGGXHWRD
WKHUPDOGHJUDGDWLRQRIWKHEHDPSURILOHLQGXFHGE\WKHSURSDJDWLRQLQDLU>@7KHUHIRUHUHJHQHUDWLYHDPSOLILHUV
5$ZLWK7PRU+RGRSHGEXONPDWHULDOV KDYHJDLQHGDQ LQFUHDVHG LQWHUHVW UHFHQWO\ZKLFK DUHPRVW DWWUDFWLYH
DSSURDFKHVIRUWKHJHQHUDWLRQRIKLJKHQHUJ\XOWUDIDVWODVHUSXOVHVLQWKHZDYHOHQJWKUDQJHDURXQGP
7KLVFRQWULEXWLRQLVRUJDQL]HGDVIROORZV,Q6HFWLRQDOOILEHUFRPELQLQJRIFRQWLQXRXVZDYH7KXOLXPGRSHG
ILEHUODVHUVLVGHVFULEHG7DSHUHGIXVHGILEHUEXQGOHVDVZHOODVZDYHOHQJWKGLYLVLRQPXOWLSOH[HUVZHUHHPSOR\HGIRU
LQFRKHUHQWEHDPFRPELQDWLRQLQVLQJOHDQGPXOWLPRGHILEHUV
6HFWLRQGHVFULEHVDQDSSURDFKIRUWKHUHDOL]DWLRQRISVDQGQVSXOVHGODVHUVRXUFHVDURXQGDZDYHOHQJWKRI
PZLWKWKHPDVWHURVFLOODWRUSRZHUDPSOLILHUFRQFHSW,WLVVKRZQWKDWSXOVHVZLWKKLJKHQHUJ\DWIOH[LEOHUHSHWLWLRQ
UDWHV UHOHYDQW IRU D YDULHW\ RI DSSOLFDWLRQV FDQ EH SURYLGHG ZLWK D VLQJOH DOOILEHU VHWXS 7KH RXWSXW SXOVH
FKDUDFWHULVWLFVRIVXFKDILEHUODVHUV\VWHPDUHPDLQO\GHWHUPLQHGE\WKHVHHGVRXUFH
,Q6HFWLRQ WKHH[SHULPHQWDO OD\RXWRI WKHGHYHORSHGXOWUDVKRUWSXOVH UHJHQHUDWLYHDPSOLILHU V\VWHPVXVLQJ
7PDQG+RGRSHGPDWHULDOVZLOOEHSUHVHQWHGILUVW$IWHUWKDWH[SHULPHQWDOUHVXOWVZLWKD7PEDVHG5$RSHUDWLQJ
LQWKHZDYHOHQJWKUDQJHDURXQGPZLOOEHGHVFULEHG$IWHUZDUGVWKHFRUUHVSRQGLQJSURSHUWLHVRID+REDVHG
5$ZLWKDQHPLVVLRQDURXQGPZLOOEHUHSRUWHG%RWKV\VWHPVJHQHUDWHGSXOVHHQHUJLHVRIPRUHWKDQ-
DQGSXOVHGXUDWLRQVRIIVLQFDVHRI7P<$3DQGIVZLWK+R<$*FU\VWDOVUHVSHFWLYHO\
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2.1. High power continuous wave emitting Thulium doped fiber laser sources realized by all-fiber beam combining 
%HDPFRPELQLQJ LQ ILEHUV FDQEHSHUIRUPHGE\EXQGHOLQJDQG WDSHULQJ WKHGHOLYHU\ ILEHUVGRZQ WRDGLDPHWHU
ILWWLQJWRDILEHUZKLFKLVFDSDEOHRIJXLGLQJOLJKWZLWKWKHUHVXOWLQJ1$>@$VHFRQGVWUDWHJ\IRUEHDPFRPELQLQJ
LVXVLQJDFDVFDGHRI VSHFLDOO\GHVLJQHGZDYHOHQJWKGLYLVLRQPXOWLSOH[HUV &:'0>@%RWKPHWKRGVKDYH
DGYDQWDJHV DQG GUDZEDFNV$ WDSHUHG ILEHU EXQGOH RIIHUV WKH SRVVLELOLW\ WR FRPELQH VLJQDOV SURSDJDWLQJ LQ ILEHU
FRUHVVXSSRUWLQJKLJKHURUGHUWUDQVYHUVDOPRGHVDQGWKHUHIRUHKLJKHUSRZHUFRPSDUHGWRVLQJOHPRGHILEHUVDQGLWLV
LQGHSHQWRIWKHH[DFWVRXUFHZDYHOHQJWK$GUDZEDFNRIWKLVPHWKRGLVWKDWDFULWLFDOVSOLFHMRLQWEHWZHHQWKHEXQGOH
DQG WKH WDUJHW ILEHU LV QHFHVVDU\ 7KLV VSOLFH MRLQW QDWXUDOO\ FDXVHV RSWLFDO ORVV ZKLFK FDQ OHDG WR D FULWLFDO
WHPSHUDWXUHHOHYDWLRQGXHWRDEVRUSWLRQRIVLJQDOUDGLDWLRQLQWKHILEHUFRDWLQJUHVXOWLQJLQFDWKDVWURSKLFGDPDJHRI
WKH ILEHU ,Q FRQWUDVW WKH FDVFDGHG:'0 FRQFHSW HQDEOHV DQ HIILFLHQW ILEHU VHWXS ZLWK VLPSOH VSOLFHV EHWZHHQ
VLQJOHPRGHILEHUV'UDZEDFNVRI WKLVPHWKRGDUH WKHZDYHOHQJWKGHSHQGHQFHDQG WKHQHFHVVDU\FKDQQHO VSDFLQJ
EHWZHHQLQGLYLGXDO:'0VZKLFKFDQGLIIHUEHWZHHQWRQPDFFRUGLQJWRWKHPDQXIDFWXULQJSDUDPHWHUV

2.1.1. Beam combining by tapered fused fiber bundles 
,Q WKLV VHFWLRQ H[SHULPHQWDO UHVXOWV RQ EHDP FRPELQLQJ ZLWK WDSHUHG IXVHG ILEHU EXQGOHV DUH SUHVHQWHG 7KH
GHYHORSHGILEHUFRPELQHUVKDGWKUHHLQSXWILEHUVZLWKD1$RIDQGDFRUHDQGFODGGLQJGLDPHWHURIDQG
PUHVSHFWLYHO\)LJVKRZVDW\SLFDOFURVVVHFWLRQRIWDSHUHGDQGFOHDYHGLQSXWILEHUEXQGOHV7KHFOHDYHGHQG
IDFHW RI WKH EXQGOHVZDV VSOLFHG WR DPXOWLPRGH EHDPGHOLYHU\ ILEHUZLWK D1$RI  DQG FRUH DQG FODGGLQJ
GLDPHWHUVRIDQGPHLWKHUE\IODPHRUXWLOL]LQJDFRQYHQWLRQDOVSOLFHU


)LJ3KRWRJUDSKRIWKHHQGIDFHWRIDILEHUEXQGOHOHIWDQGVFKHPHRIWKHEHDPFRPELQHUFRQVLVWLQJRIWKUHHVLJQDOGHOLYHU\ILEHUV
1$ VSOLFHGWRDPXOWLPRGHILEHU1$ULJKWVLGH

%XQGOHVZHUHPDQXIDFWXUHGZLWKGLIIHUHQW WDSHU UDWLRV DQGGHJUHHVRI IXVLRQ DQGZHUH VSOLFHG WR WKH LGHQWLFDO
WDUJHWILEHU7KHVSOLFHMRLQWRIWKHFRPELQHUZDVSODFHGLQDQDOXPLQXPKRXVLQJWRSUHYHQWFRQWDPLQDWLRQE\GXVW
SDUWLFOHV7KHWUDQVPLVVLRQRIWKHFRPELQHGFKDQQHOVZDVPHDVXUHGDWDVLJQDOZDYHOHQJWKRIQP7KHKLJKHVW
DFKLHYHGWUDQVPLVVLRQSHUFKDQQHOZDVIRUDEXQGOHWDSHUUDWLRRI$WWKLVWDSHUUDWLRWKH1$RIWKHWDSHUHG
LQGLYLGXDOVLJQDOILEHUVILWVWRWKH1$RIWKHWDUJHWILEHU+LJKHUWDSHUUDWLRVUHVXOWHGLQORVVHVGXHWRD1$PLVPDWFK
&RPELQDWLRQRI7')/VZDVWHVWHGZLWKWKHVHWXSGHSLFWHGLQ)LJULJKW'HOLYHU\ILEHUVRIWZR7')/HPLWWLQJDW
D ZDYHOHQJWK RI  QPZHUH VSOLFHG WR LQSXW ILEHUV RI LQKRXVH GHYHORSHG FODGGLQJ OLJKW VWULSSHUV ZKLFK DUH
HQVXULQJWKDWQRVLJQDOOLJKWLVFRXSOHGWRWKHFODGGLQJRIWKHFRPELQHULQSXWILEHUV>@7KHFODGGLQJOLJKWVWULSSHUV
DOVR FRQVLVWHG RI D ILEHU ZLWK D FRUH DQG FODGGLQJ GLDPHWHU RI  DQG  P DQG KDG WKH VDPH 1$ OLNH WKH
FRPELQHULQSXWILEHUV'HVSLWHWKHORVVHVRIDERXWSHUSRUWWKHEXQGOHZDVFDSDEOHRIKDQGOLQJRXWSXWSRZHULQ
WKHUDQJHRIVHYHUDOWHQVRI:7KHVHLQLWLDOUHVXOWVDUHYHU\SURPLVLQJDQGWHVWVZLWKXSWRWKUHH7')/VRXUFHVZLWK
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RXWSXWSRZHU DW WKH KXQGUHG: OHYHOZLOO EH FRQGXFWHG LQ WKHQH[W VWHS%HVLGHV H[SHULPHQWVZLWK WDSHUHG ILEHU
EXQGOHVIRUSRZHUFRPELQLQJLQDPXOWLPRGHWDUJHWILEHUZHLQYHVWLJDWHGSRZHUFRPELQLQJE\HPSOR\LQJDFDVFDGH
RI:'0V7KHVHLQYHVWLJDWLRQVDUHSUHVHQWHGLQWKHQH[WVHFWLRQ

2.1.2. Beam combining by truly single-mode WDM cascades  
,QRUGHUWRSHUIRUPFDVFDGHGFRPELQLQJZLWK:'0VWKHRQO\ZD\WRUHDFKKLJKHIILFLHQF\LVXVLQJODVHUVRXUFHV
ZKLFK SURYLGH VLJQDOV IURP D WUXO\ VLQJOHPRGH ILEHU :H GHYHORSHG IRXU FRQWLQXRXV ZDYH DOOILEHU 7')/
RVFLOODWRUVDWGLIIHUHQWZDYHOHQJWKV7KHVHWXSLVVKRZQLQ)LJOHIWIRUDQRVFLOODWRUHPLWWLQJDWDZDYHOHQJWKRI
QP7KHSXPSGLRGHKDGDZDYHOHQJWKRIQP$QRXWSXWSRZHURIXS WR:ZDVSURYLGHGIURPWKH
GHOLYHU\ILEHURIWKHODVHUGLRGHZKLFKKDGDFRUHGLDPHWHURIPDQGD1$RI$SXPSFRPELQHUZDVXVHG
RSWLRQDOO\ WR HQDEOH SXPS FRXSOLQJ RIPRUH WKDQRQH ODVHU GLRGH7KH SXPS FRPELQHUZDV FRQQHFWHG WR D KLJK
UHIOHFWLRQ )LEHU %UDJJ JUDWLQJ +5)%* 7KH SXPS SRZHU ZDV FRPSOHWHO\ WUDQVPLWWHG WKURXJK WKH +5)%*
ZKLFKZDVVSOLFHG WR WKH7PGRSHG ILEHUZLWK WKH VDPHFRUHDQGFODGGLQJGLDPHWHUV7KH7PGRSHG ILEHUKDGD
OHQJWKRIPHWHUVZLWKSHDNDEVRUSWLRQRIG%PDWDZDYHOHQJWKRIQP7KHOHQJWKRIWKHDFWLYHILEHUZDV
RSWLPL]HG ZLWK UHVSHFW WR PD[LPXP DWWDLQDEOH VLJQDO SRZHU $ ORZ UHIOHFWLRQ )%* /5)%* DFWHG DV 
RXWFRXSOHU7KHVDPHDUFKLWHFWXUHZDVXVHG IRUHDFKRI WKH IRXU7')/DW WKHZDYHOHQJWKVDQG
QP 7KH FRPELQLQJ VFKHPH IRU WKHVH7')/ IRUHVDZ D FRPELQDWLRQ LQWR WZR VXEJURXSVZLWK WKH LQKRXVH
PDGHZDYHOHQJWK GLYLVLRQPXOWLSOH[HUV:'0  QP  DQG:'0  QP 7KHVH VXEJURXSV
ZHUH WKHQPXOWLSOH[HG ZLWK WKH WKLUG LQKRXVH GHYHORSHG PXOWLSOH[HU:'0 $OO:'0VZHUH IDEULFDWHG IURP
60DVZHOODVIURP60)ILEHUV
7KHRYHUDOOWUDQVPLVVLRQRI:'0DQG:'0IRUWKHFRXSOHGVHHGVRXUFHVZDVDQGZKLOHDVSHFWUDO
FRPELQDWLRQHIILFLHQF\RIDQGZHUHUHDFKHGUHVSHFWLYHO\7KHH[SHULPHQWDOUHVXOWIRU:'0LVVKRZQ
RQWKHULJKWVLGHRI)LJ7KHWRWDOSRZHUIURPWKHLGOHUDQGWKHRXSXWSRUWRI:'0ZDV:$WWKHRXWSXWSRUW
RI:'0DSRZHURIXSWR:ZDVPHDVXUHGZKLFKUHVXOWVLQDFRPELQLQJHIILFLHQF\RIIRU:'07KXV
WKHRYHUDOOHIILFLHQF\IRUWKH:'0FDVFDGHKDVDYDOXHRI
,Q VXPPDU\ WUXO\ VLQJOHPRGHSRZHU FRXSOLQJZDVGHPRQVWUDWHG HPSOR\LQJ IRXU7')/VRSHUDWLQJ DW VOLJKWO\
GLIIHUHQWZDYHOHQJWKV DQG DFDVFDGHRI VLQJOHPRGH:'0V7KHSUHVHQWHG FDVFDGDWLRQ FRQFHSWRIIHUVPD[LPXP
HIILFLHQF\IRUODUJHVWSRVVLEOHVHSDUDWLRQRIWKHZDYHOHQJWKJURXSVDQGVPDOOHVWSRVVLEOHVHSDUDWLRQRIZDYHOHQJWKV
ZLWKLQ UHVSHFWLYH JURXSV 7KHUHIRUH VFDOLQJ XS WKLV FRQILJXUDWLRQ WR HYHQ KLJKHU SRZHU FDQ EH DFKLHYHG E\
LQFUHDVLQJWKHSRZHUSHUFKDQQHODQGLQFUHDVLQJWKHQXPEHURIFKDQQHOVZKLFKLVUHODWHGZLWKWKHQXPEHURI:'0V
EHLQJXVHGLQWKHFDVFDGHGHVLJQ,PSURYHPHQWVRQSRZHUVFDOLQJE\DGGLQJFKDQQHOVFDQEHDFKLHYHGE\XVLQJD
VPDOOHU VSHFWUDO VHSDUDWLRQ ZKLFK LV OLPLWHG E\ WKH PDQXIDFWXULQJ SDUDPHWHUV RI:'0V $W WKH VDPH WLPH WKH
QXPEHU RI LQGLYLGXDO FKDQQHOV FDQ EH LQFUHDVHG ZKLFK LV DOVR UHODWHG ZLWK ODUJHVW SRVVLEOH VHSDUDWLRQ RI WKH
ZDYHOHQJWKJURXSVLQVLGHWKH7PJDLQEDQGZLGWKRIPRUHWKDQQPDURXQGQP+HQFHDIXUWKHUVFDOLQJE\
DGGLWLRQDODQGPRUHSRZHUIXOFKDQQHOVDSSHDUVWREHIHDVLEOHLQDVWUDLJKWIRUZDUGPDQQHU
7KH GHYHORSHG VRXUFH FDQ DOVR EH DSSOLHG DV SXPS VRXUFH IRU +ROPLXP +R GRSHG ILEHU DPSOLILHUV DV
GHPRQVWUDWHGHDUOLHUIRU<WWHUELXPGRSHGILEHUV>@7KHFRQFHQWUDWLRQRIWKHZKROHFRPELQHGSRZHUWRWKHVPDOO
FRUHGLDPHWHURIMXVWPHQDEOHVFRUHSXPSLQJRID+RGRSHGILEHUDQGWKHUHIRUHHIILFLHQWDPSOLILFDWLRQHYHQLQ
YHU\VKRUWSLHFHVRIDFWLYHILEHUaPGHSHQGLQJRQWKHFRQFHQWUDWLRQRIGRSDQGV
7KH UHVXOWV SUHVHQWHG LQ WKLV VHFWLRQ DUH VKRZLQJZD\V WR VFDOH WKH RXWSXW SRZHU RI FZ7PGRSHG ILEHU ODVHU
VRXUFHVE\ DOOILEHU EHDPFRPELQLQJ:KLOH FRPELQLQJZLWK&:'0 LV D SURPLVLQJSHUVSHFWLYH IRU WUXO\ VLQJOH
PRGH ILEHU ODVHUV WKH WDSHUHG IXVHGILEHUEXQGOHDSSURDFK UHSUHVHQWVDSHUVSHFWLYH IRUFRPELQLQJVWDWHRI WKHDUW
IHZDQGPXOWLPRGHILEHUODVHUVWRUHDFKKLJKHUSRZHUOHYHOVWKDQFXUUHQWO\FRPPHUFLDOO\DYDLODEOH
%HVLGHVVFDOLQJWKHFZRXWSXWSRZHURIDV\VWHPGHSHQGLQJRQWKHDSSOLFDWLRQWKHSXOVHGRSHUDWLRQPRGHPLJKW
EHSUHIHUUHGWRDFKLHYHKLJKSHDNSRZHU$FRQFHSWIRUWKHUHDOL]DWLRQRIQDQRDQGSLFRVHFRQGSXOVHGVRXUFHVLQWKH
ZDYHOHQJWKUHJLRQDURXQGPLVSUHVHQWHGLQWKHQH[WVHFWLRQ
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
)LJ2QHRIWKHFRQWLQXRXVZDYHILEHURVFLOODWRUVHWXSVIRUVSHFWUDOEHDPFRPELQLQJDQGWKHVFKHPDWLFGLDJUDPRIWKHVSHFWUDOEHDP
FRPELQLQJVHWXSOHIW+5)%*+LJKUHIOHFWLRQILEHU%UDJJJUDWLQJ/5)%*/RZUHIOHFWLRQILEHU%UDJJJUDWLQJ:'0:DYHOHQJWKGLYLVLRQ
PXOWLSOH[HU:'0IRUFRPELQDWLRQRI	QP:'0IRUFRPELQDWLRQRI	QP&RPELQHGRXWSXWSRZHUIURP:'0
SORWWHGYHUVXVWKHLQSXWSRZHUIURP:'0	:'0ULJKW

2.2. Nano- and picosecond pulsed Thulium doped fiber laser sources realized in a MOPA setup 
$ QDQR RU SLFRVHFRQG SXOVHG ODVHU VRXUFH FDQ EH UHDOL]HGZLWK DPDVWHU RVFLOODWRU SRZHU DPSOLILHU 023$
FRQILJXUDWLRQ ZKLFK FRQVLVWV RI D VHHG VRXUFH SUH DQG PDLQ DPSOLILHUV >@ ,Q WKLV FRQILJXUDWLRQ WKH PDLQ
RSHUDWLRQFKDUDFWHULVWLFVSXOVHGXUDWLRQSXOVHVKDSHZDYHOHQJWKUHSHWLWLRQIUHTXHQF\DUHGHWHUPLQHGE\WKHVHHG
VRXUFHZKLOHWKHDPSOLILHUVRQO\VHUYHIRUVLQJOHSDVVHQHUJ\VFDOLQJ$VIOH[LEOHVHHGVRXUFHW\SLFDOO\ODVHUGLRGHV
DUHXVHGZKLFKFDQSURYLGHSXOVHVZLWKGXUDWLRQVLQWKHSVRUQVUHJLPH7KHSUHDQGPDLQDPSOLILHUVFRQVLVWRID
SXPSVRXUFHD:'0RUSXPSFRPELQHUD7PGRSHGILEHUDQGDFODGGLQJOLJKWVWULSSHUUHPRYLQJUHVLGXDOSXPS
OLJKW
$QDOOILEHU023$FRQILJXUDWLRQIRU WKHDPSOLILFDWLRQRISXOVHVDURXQGDZDYHOHQJWKRIQP LVVKRZQ LQ
)LJ  RQ WKH OHIW VLGH 7KH VHHGPRGXOH SURYLGHV RSWLFDO SXOVHVZLWK D YDULDEOH SXOVH GXUDWLRQ EHWZHHQ  DQG
KXQGUHGVRIQVDQGUHSHWLWLRQIUHTXHQFLHVEHWZHHQDIHZN+]DQGWHQVRI0+]$ILUVWFRUHSXPSHGSUHDPSOLILHU
FRQVLVWLQJ RI D:'0 DQG D 7PGRSHG ILEHU VFDOHV WKH DYHUDJH SRZHU RI WKH VHHGODVHU IURP WKH : UHJLPH WR
VHYHUDOP:$FLUFXODWRUDQGD)%*DUHDFWLQJDVDQRLVHUHGXFWLRQXQLWVLQFHWKHDPSOLILHGVSRQWDQHRXVHPLVVLRQ
QRLVHRIWKHDPSOLILHULVWUDQVPLWWHGWKURXJKWKH)%*ZKLOHWKHVLJQDOLVUHIOHFWHG7KHSUHDPSOLILHULVIROORZHGE\
WZR FRXQWHU SXPSHG GRXEOH FODG PDLQ DPSOLILHUV ZKLFK FRQVHFXWLYHO\ VFDOH WKH DYHUDJH SRZHU IURP P: WR
KXQGUHGVRIP:DQGILQDOO\WRWKHOHYHORIVHYHUDO:RIRXWSXWSRZHU:KLOHWKHDFWLYHILEHURIWKHSUHDPSOLILHU
KDGDVLQJOHFODGGLQJZLWKDFRUHGLDPHWHURIPWKHVXEVHTXHQWGRXEOHFODG7PGRSHGILEHUVKDGFRUHGLDPHWHUV
RIDQGPDQGFODGGLDPHWHUVRIDQGP7KHUHIRUHWKHSUHDPSOLILHUZDVFRUHSXPSHGE\DQ(UELXP
GRSHGILEHUODVHUZLWKDQRXWSXWSRZHURI:,QFRQWUDVWERWKPDLQDPSOLILHUVZHUHFODGGLQJSXPSHGZLWKDILEHU
FRXSOHGODVHUGLRGHHPLWWLQJDQRXWSXWSRZHURI:DWDZDYHOHQJWKRIQP7KHRXWSXWILEHUHQGIDFHWZDV
DQJOHFOHDYHGWRDYRLGEDFNUHIOHFWLRQV
7KHRXWSXWSRZHURIWKHV\VWHPLVSORWWHGYHUVXVWKHLQSXWSXPSSRZHURIWKHODVWDPSOLILHUVWDJHDWWKHULJKWVLGH
RI)LJIRUGLIIHUHQWSXOVHGXUDWLRQV$QDYHUDJHSRZHURI:ZDVREWDLQHGIRUDSXOVHGXUDWLRQRIQV$WD
UHSHWLWLRQUDWHRIN+]WKLVFRUUHVSRQGVWRDSXOVHHQHUJ\RIP-7KHKLJKGHJUHHRIIOH[LELOLW\RIWKHSUHVHQWHG
VHWXSUHVXOWVIURPLWVVXLWDELOLW\IRUDPSOLILFDWLRQRISVDVZHOODVQVVHHGSXOVHV7KHVHHGSXOVHSDUDPHWHUVFDQEH
YDULHGWRDFKLHYHWKHGHVLUHGRXWSXWSXOVHSDUDPHWHUVDWWKHILEHURXWSXWHQGRIWKHV\VWHP
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

)LJ$OOILEHU023$VHWXSIRUWKHJHQHUDWLRQDQGDPSOLILFDWLRQRIQVDQGSVSXOVHVDURXQGDZDYHOHQJWKRIQPOHIWDQGRXWSXWSRZHU
SORWWHGYHUVXVSXPSSRZHURIWKHODVWDPSOLILHUVWDJHIRUWKHFDVHRIQVVHHGSXOVHVULJKW

:HGHPRQVWUDWHWKHIOH[LELOLW\RIWKHVHWXSE\MXVWFKDQJLQJWKHVHHGVRXUFHDQGDPSOLILFDWLRQRISXOVHVJHQHUDWHG
E\DJDLQVZLWFKHGODVHUGLRGHHPLWWLQJDWDFHQWUDOZDYHOHQJWKRIQP$W\SLFDORSWLFDOVSHFWUXPRIWKHSXOVHV
DIWHUSURSDJDWLQJWKURXJKWKHSUHDPSOLILHUVWDJHDQGWKHQRLVHUHGXFWLRQXQLWDUHVKRZQLQ)LJRQWKHOHIWVLGH$
PHDVXUHPHQW RI WKH WHPSRUDO SXOVH SURILOH ZDV SHUIRUPHG HPSOR\LQJ DQ XOWUDIDVW SKRWR GLRGH DQG D EURDGEDQG
RVFLOORVFRSH!*+]7KHWHPSRUDOSXOVHSURILOHPHDVXUHGDIWHUSUHDPSOLILFDWLRQLVVKRZQRQWKHULJKWVLGHRI
)LJDQGLQGLFDWHVDIXOOZLGWKDWKDOIPD[LPXPRISV$IWHUSURSDJDWLRQWKURXJKWKHZKROHDPSOLILHUFKDLQDQ
RXWSXWSRZHURIPRUH WKDQ:ZDVDFKLHYHGDW UHSHWLWLRQ UDWHVEHWZHHQDQG0+]DVGHSLFWHG LQ)LJ
OHIW 7KH ULJKW VLGH RI )LJ  LQGLFDWHV WKDW DW DPD[LPXPRXWSXW SXOVH HQHUJ\RI - WKH VSHFWUDOZLGWK DW DQ
LQWHQVLW\OHYHORIG%ZDVVWLOOEHORZQPGHVSLWHWKHRFFXUUHQFHRIQRQOLQHDUHIIHFWVOLNH5DPDQVFDWWHULQJDQG
VHOISKDVHPRGXODWLRQ$WKLJKHVWRXWSXWSXOVHHQHUJ\WKHWHPSRUDOSURILOHZDVQHDUO\XQFKDQJHG



)LJ6SHFWUXPRIWKHSVSXOVHVDIWHUSURSDJDWLQJWKURXJKWKHSUHDPSOLILHUDQGWKHQRLVHUHGXFWLRQXQLWOHIWDQGFRUUHVSRQGLQJWHPSRUDOSXOVH
SURILOHLQGLFDWLQJD):+0RISVULJKW

,QVXPPDU\DSXOVHGODVHUVRXUFHZLWKDQHPLVVLRQZDYHOHQJWKDURXQGQPZDVGHYHORSHGZKLFKSURYLGHG
DYHU\IOH[LEOHRSHUDWLRQSDUDPHWHUUDQJHZLWKUHVSHFWWRWKHSXOVHGXUDWLRQDQGUHSHWLWLRQIUHTXHQF\6XFKDVRXUFH
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FDQEHXVHGLQDPDQLIROGRIDSSOLFDWLRQVOLNHPDFKLQLQJRIRUJDQLFPDWHULDOZLWKDKLJKDFFXUDF\RUDVDSXPSIRU
IUHTXHQF\FRQYHUVLRQSURFHVVHV





)LJ$YHUDJHRXWSXWSRZHUYHUVXVSXPSSRZHURIWKHWKLUGDPSOLILHUVWDJHOHIWDQGRXWSXWVSHFWUXPDWDPD[LPXPSXOVHHQHUJ\RI-D
SXOVHGXUDWLRQRISVDQG0+]ULJKW
2.3 Regenerative amplifiers (RA) for the generation of femtosecond pulses with high energy 
,Q WKLV VHFWLRQZHGHPRQVWUDWH XOWUDIDVW5$V\VWHPV RSHUDWLQJ DW P DQG PZLWK RXWSXW HQHUJLHV RI
KXQGUHGV RI- E\ XVLQJ 7PGRSHG<$3 DQG+RGRSHG<$* FU\VWDOV UHVSHFWLYHO\ 7KH VHWXS RI WKH 7PEDVHG
DPSOLILHUGHSLFWHGLQ)LJFRQVLVWVRIDQXOWUDVKRUWSXOVHVHHGRVFLOODWRUSXOVHVWUHWFKHUDQGSUHDPSOL¿HUWKH5$
FDYLW\ DQG D JUDWLQJ FRPSUHVVRU 7KH SDVVLYHO\ PRGHORFNHG ¿EHU RVFLOODWRU ZKLFK LV FRPSDUDEOH WR WKH RQH
GHVFULEHGLQ>@HPLWVSXOVHVZLWKDQHQHUJ\RIS-DQGDGXUDWLRQRIIV$SRODUL]DWLRQPDLQWDLQLQJ30
SDVVLYH¿EHUPRI30LVXVHGWRVWUHWFKWKHIVRVFLOODWRUSXOVHVWRSVSXOVHGXUDWLRQ7KHVHQHJDWLYHO\
VWUHWFKHGSXOVHVDUHDPSOL¿HGLQDIROORZLQJVLQJOHVWDJHGRXEOHFODGGLQJSXPSHG7PGRSHG30¿EHUDPSOL¿HUXS
WRQ-SXOVHHQHUJ\7KHUHVXOWLQJVHHGSXOVHVKDYHDFHQWUDOZDYHOHQJWKRIQPDIXOOZLGWKDWKDOIPD[LPXP
):+0RIWKHSRZHUVSHFWUXPRIQPDQGFRXOGVWLOOEHFRPSUHVVHGWRIVSXOVHGXUDWLRQ$3RFNHOVFHOO
3& FRQVLVWLQJRI WZR UXELGLXP WLWDQ\OSKRVSKDWH 573 FU\VWDOVSLFNV WKHSXOVHV WRN+] UHSHWLWLRQ UDWHEHIRUH
WKH\DUHLQMHFWHGLQWRWKH5$FDYLW\)XUWKHUPRUHDWHOHVFRSHLVLQWURGXFHGLQWRWKHVHHGEHDPSDWKWRHQVXUHDJRRG
PRGHPDWFKLQJEHWZHHQVHHGEHDPDQGUHVRQDWRUPRGHUHVXOWLQJLQDKLJKVHHGLQJHI¿FLHQF\$WKLQ¿OPSRODUL]HU
7)3DQGD)DUDGD\URWDWRU)5VHSDUDWHWKHDPSOL¿HGSXOVHVIURPWKHVHHGSXOVHV

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
)LJ([SHULPHQWDOVHWXSRIWKHFRPSOHWHDPSOLILHUV\VWHP3&3RFNHOVFHOO7)3WKLQILOPSRODUL]HU)5)DUDGD\URWDWRU&&0FRQFDYH
PLUURUZLWKPP52&&&0&RQFDYHPLUURUZLWKPP52&:'*:HGJH*5*UDWLQJ

7KH5$FRQVLVWVRIDPORQJVWDQGLQJZDYHWKUHHPLUURUFDYLW\ZLWKWZRFRQFDYHDQGRQHSODQHHQGPLUURU
7KHFRQFDYHPLUURUVDUHSODFHGFP&&0DQGFP&&0DSDUWIURPWKHFU\VWDO$VHFRQG5733&LV
XVHGLQFRPELQDWLRQZLWKD7)3DQGDTXDUWHUZDYHSODWH4:3DVDQRSWLFDOVZLWFK7KHUHVRQDWRUPRGHGLDPHWHUV
DUHPLQVLGHWKHODVHUFU\VWDO[PP

DSHUWXUHDQGPPLQVLGHWKH3&ZKLFKKDVDQDSHUWXUHRIPP
7KHPPORQJ7P<$3FU\VWDOLVFXWIRUFD[LVRULHQWDWLRQDQGKDVDGRSLQJFRQFHQWUDWLRQRIDW,WLVZUDSSHG
LQLQGLXPIRLODQGSODFHGLQDFRSSHUPRXQWZKLFKLVHOHFWULFDOO\FRROHGGRZQWRR&7KHSXPSGLRGHLVDPXOWL
PRGH¿EHUFRXSOHGODVHUGLRGH/'ZLWK:RXWSXWSRZHUDWDFHQWUDOZDYHOHQJWKRIQP7KHRXWSXW¿EHURI
WKHSXPSGLRGHKDVDFRUHGLDPHWHURIPDQGDQXPHULFDODSHUWXUHRI$WWKLVSXPSZDYHOHQJWKRI
WKHSXPS OLJKW LV DEVRUEHG LQVLGH WKH FU\VWDO7KH FROOLPDWHGSXPS OLJKW LV IRFXVHGZLWK DPP OHQV LQWR WKH
7P<$3FU\VWDO WKURXJKRQHRI WKHGLFKURLFHQGPLUURUVZKLFK LV ORFDWHGFORVH WR WKHFU\VWDOSURGXFLQJDSXPS
VSRWGLDPHWHURIP7KH5$FDYLW\LVHQFORVHGWRSXUJHWKHFDYLW\ZLWKLQHUWJDVDUJRQQLWURJHQHWF$IWHU
DPSOL¿FDWLRQ WKH SXOVHV DUH FRPSUHVVHGZLWK D0DUWLQH]W\SH FRPSUHVVRU >@ZKLFK FRQVLVWV RI D VLQJOH JROG
FRDWHGJUDWLQJJURRYHVSHUPP%OD]HDQJOHGHJUHHRQHFRQFDYHPLUURU52& PPDQGWZRSODQH
PLUURUV7KHFRPSUHVVRUHI¿FLHQF\RILVPDLQO\OLPLWHGE\WKHJUDWLQJHI¿FLHQF\DQGWKH)DUDGD\URWDWRU



)LJ2XWSXWSRZHUSXOVHHQHUJ\YHUVXVDEVRUEHGSXPSSRZHUOHIWSRZHUVSHFWUXPRI7P<$35$ULJKW

7KHSXOVHHQHUJ\YHUVXVDEVRUEHGSXPSSRZHUDWD UHSHWLWLRQUDWHRIN+]LVVKRZQLQ)LJOHIW$IWHU
URXQGWULSVZLWKLQWKH5$FDYLW\DPD[LPXPRXWSXWHQHUJ\RI-KDVEHHQDFKLHYHG7KHRQO\OLPLWLQJIDFWRULV
WKH GDPDJH WKUHVKROG RI WKH DFWLYH FU\VWDO DW D SRZHU GHQVLW\ RI -FP )LJ  ULJKW VKRZV WKH RSWLFDO
VSHFWUXPRI7P<$3 DW - RXWSXW HQHUJ\ DV EODFN FXUYH DIWHU UHJHQHUDWLYH DPSOL¿FDWLRQ EOXH GDVKHG VHHG
SXOVHV7KHVSHFWUXPLVVWURQJO\VWUXFWXUHGSDUWLFXODUO\E\DWPRVSKHULFDEVRUSWLRQVDWWKLVZDYHOHQJWKZKLFKDUH
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SDUWO\ FRPSHQVDWHGE\SXUJLQJ WKH5$FDYLW\ZLWKQLWURJHQ7KHUHIRUH WKH VSHFWUXPZLGWK LV QPDW G%
OHYHO

)LJ$XWRFRUUHODWLRQWUDFHDWGLIIHUHQWSXOVHHQHUJLHVRIWKH7P<$3UHJHQHUDWLYHDPSOLILHU

,Q )LJ  WKH DXWRFRUUHODWLRQ $& WUDFH RI WKH FRPSUHVVHG RXWSXW SXOVHV RI WKH7P<$35$ LV VKRZQ$IWHU
SXUJLQJ D ORQJSVSHGHVWDO JHQHUDWHGE\ DWPRVSKHULF DEVRUSWLRQVYDQLVKHVQHDUO\ FRPSOHWHO\7KHSXOVHV FDQEH
FRPSUHVVHGWRDSXOVHGXUDWLRQRIIVDWPD[LPXPRXWSXWSRZHURI-$VDWHOOLWHSXOVHZLWKDUHODWLYHSHDN
LQWHQVLW\RILQDWHPSRUDOGLVWDQFHRISVUHPDLQV7KHJHQHUDWLRQRIWKHVDWHOOLWHSXOVHFDQEHDWWULEXWHGDW
OHDVWSDUWO\ WRD WHFKQLFDO LPSHUIHFWLRQRI WKH3RFNHOVFHOO1RQHWKHOHVVDURXQGRIHQHUJ\LVFRQ¿QHGLQWKH
PDLQSHDN
7KH OD\RXWRI WKHFRUUHVSRQGLQJ+REDVHGDPSOLILHU LVVLPLODU WR WKHDERYHGHVFULEHG7P<$3VHWXSEXWZLWK
VRPHPLQRUPRGLILFDWLRQV7KH7PGRSHGILEHUVRI WKHVHHGRVFLOODWRUDQGSUHDPSOLILHUKDYHEHHQUHSODFHGE\D
+ROPLXPGRSHGILEHUUHVXOWLQJLQDQHPLVVLRQEDQGFHQWHUHGDWQPZLWKDEDQGZLGWKRIQPDQGLQSXOVH
GXUDWLRQVRIIVGLUHFWO\RXWRIWKHRVFLOODWRU7KHILEHUVWUHWFKHULVVXEVWLWXWHGE\DEXONJUDWLQJFRQILJXUDWLRQDQG
WKH7P<$3FU\VWDOLVH[FKDQJHGE\D+R<$*FU\VWDO$GGLWLRQDOO\ WKLVFU\VWDOKDVEHHQSXPSHGE\DFZ7P
ILEHUODVHURSHUDWLQJDWDZDYHOHQJWKRIQPZLWKDQDYHUDJHSRZHURIXSWR:

)LJ2XWSXWSRZHUSXOVHHQHUJ\YHUVXVDEVRUEHGSXPSSRZHUOHIWSRZHUVSHFWUXPRI+R<$*5$ULJKW

7KH RXWSXW SRZHUSXOVH HQHUJ\ YHUVXV SXPS SRZHU RI WKH +R<$* 5$ LV VKRZQ LQ )LJ  OHIW $IWHU 
URXQGWULSVDQGDW:DEVRUEHGSXPSSRZHUDPD[LPXPSXOVHHQHUJ\RIȝ-DWDUHSHWLWLRQUDWHRIN+]ZDV
DFKLHYHG7KLVHQHUJ\ZDVDJDLQOLPLWHGE\WKHGDPDJHWKUHVKROGRIWKHFU\VWDOZKLFKZDVIRXQGDWDFRPSDUDEOH
SRZHUGHQVLW\DVLQWKHFDVHRI7P<$37KHSXOVHVZHUHDPSOLILHGZLWKDQHIILFLHQF\RI
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7KHHPLVVLRQVSHFWUXPRIWKH+R<$*5$DWDQRXWSXWHQHUJ\RI-LQFRPELQDWLRQZLWKWKHFRUUHVSRQGLQJ
VHHGVSHFWUXPEOXHGDVKHGLVVKRZQLQ)LJULJKW7KHDPSOLILHGVSHFWUXPVKRZVDVWURQJGHIRUPDWLRQRIWKH
*DXVVLDQVKDSHG VHHG VSHFWUXP0DLQO\YLVLEOH LQ WKH VSHFWUXPDUH WZRSHDNVFHQWHUHGDWQPDQGQP
ZLWKDFRPELQHGZLGWKRIQPDWG%ZKLFKDUHDWWULEXWHGWRWKHHPLVVLRQFURVVVHFWLRQVWUXFWXUHRI+R<$*
,Q RUGHU WR SUHFRPSHQVDWH IRU WKH VWURQJ VSHFWUDO HYROXWLRQ LQWR WKHVH WZR SHDNV WKH VHHG VSHFWUXP LV KDUGFXW
ILOWHUHGLQVLGHWKHJUDWLQJVWUHWFKHUE\WKHXVHRIWZRSLQV7KHUHVXOWLQJVHHGVSHFWUXPLVVKRZQLQ)LJDVEOXH
GDVKHGFXUYHZLWKWZRGLSVDWWKHPDLQHPLVVLRQSHDNVRI+R<$*'XHWRWKHSUHFRPSHQVDWLRQWKHPDLQSHDNVDUH
VXSSUHVVHGWRJHQHUDWHDEURDGHURSWLFDOVSHFWUXPQPDWG%DURXQGQP


)LJ3RZHUVSHFWUXPRI+R<$*5$UHFRUGHGZLWKVKDSHGVHHGVSHFWUXP

7KHFRPSUHVVHG$&WUDFHRIWKHXQVKDSHG+R<$*SXOVHVLVGHSLFWHGLQ)LJOHIWZKHUHDV)LJULJKW
VKRZVWKHWUDFHRIWKHVKDSHGSXOVHVLQZKLFKQRVDWHOOLWHSXOVHVDUHYLVLEOH7KHDGYDQWDJHRIWKHDIRUHPHQWLRQHG
VSHFWUDO VKDSLQJ LV FOHDUO\ YLVLEOH EHFDXVH WKH PXOWLSXOVH OLNH VWUXFWXUH RI WKH $& WUDFH LQ WKH XQVKDSHG FDVH
YDQLVKHVDQGDVPRRWK$&WUDFHLQWKHVKDSHGFDVHDSSHDUVZLWKDFRPSUHVVHGSXOVHGXUDWLRQRISVDWDQHQHUJ\
RI  ȝ- $Q\ZD\ QR VDWHOOLWH SXOVH QRU D EURDGEDQG SVSHGHVWDO RFFXUV LQ WKLV ZDYHOHQJWK UHJLRQ 7KH SXOVH
GXUDWLRQLVQHDUO\DIDFWRURIODUJHUWKDQIRU7P<$3ZKLFKUHVXOWVLQDWLPHVORZHUSHDNSRZHU2EYLRXVO\
WKHQDUURZJDLQVSHFWUXPRI+R<$*LVUHVSRQVLEOHIRUWKHORQJHUFRPSUHVVHGSXOVHGXUDWLRQRI+R<$*2QWKH
RWKHU KDQG QR DWPRVSKHULF DEVRUSWLRQ WDNH SODFH DW  ȝP WKHUHIRUH SXUJLQJ DV LQ WKH FDVH RI7P<$3 LV QRW
QHFHVVDU\


)LJ$XWRFRUUHODWLRQWUDFHVDWGLIIHUHQWRXWSXWHQHUJLHVLQWKHXQVKDSHGFDVHOHIWDQGLQWKHVKDSHGFDVHULJKW

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&RQFOXVLRQ
,Q FRQFOXVLRQ ZH SUHVHQWHG LQQRYDWLYH ODVHU VRXUFHV RSHUDWLQJ DURXQG D ZDYHOHQJWK RI  P ,Q WKH FDVH RI
FRQWLQXRXV ZDYH ODVHUV ZH LQYHVWLJDWHG WHFKQLTXHV IRU LQFRKHUHQW SRZHU FRPELQDWLRQ WR RSHQ SRZHU VFDOLQJ
SHUVSHFWLYHV 3V DQG QVSXOVHG VRXUFHV ZHUH UHDOL]HG LQ D VLQJOHSDVV DOOILEHU DPSOLILHU FRQILJXUDWLRQ DQG
LQYHVWLJDWHG )LQDOO\ UHJHQHUDWLYH DPSOLILHUV DV FDQGLGDWHV IRU WKH JHQHUDWLRQRI IVSXOVHVZLWK D KLJK HQHUJ\SHU
SXOVHDUH LQYHVWLJDWHG2ZLQJ WR WKHYDULHW\RIRXWSXWSDUDPHWHUV HJDYHUDJHSRZHUSXOVHGXUDWLRQ HQHUJ\DQG
UHSHWLWLRQ UDWHDPXOWLWXGHRIDSSOLFDWLRQVFDQEHDGGUHVVHGE\ WKHVH OLJKW VRXUFHV7KHUHIRUH WKHVH ODVHU V\VWHPV
FDQQRWRQO\EHDSSOLHGIRUWKHDOUHDG\PHQWLRQHGSXUSRVHVEXWRIIHUDQGSURPLVHDKLJKLPSDFWLQIXWXUHSKRWRQLFV
UHVHDUFKDQGDSSOLFDWLRQV7KLVZLOOEHLQSDUWLFXODUVWLOODFFHOHUDWHGFRQVLGHULQJWKHLULQGXVWULDOLVDWLRQSRWHQWLDO
$FNQRZOHGJHPHQW
7KH DXWKRUV WKDQN $VVRFLDWH 3URIHVVRU gPHU ,OGD\ IRU FROODERUDWLRQ RQ KLJK SRZHU FZ ODVHU VRXUFHV WKH
PDQXIDFWXUHU RI WKH *6/' 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 IRU SURYLGLQJ LW DQG WKH FRPSDQ\ /,6$ /DVHU 3URGXFWV 2+* IRU
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